The research focuses on the geochemical and petrographic characterisation of volcanics that were used in the Roman city of Nora archaeological site. These rocks formed during the Late Eocene-Miocene orogenic Sardinian magmatic activity (38-15 Ma), were used as construction materials (ashlars, decorative frame, etc.) and as aggregate in the ancient mortars of some important buildings of Nora (e.g. Roman theatre, first century ad). Several samples coming from the Roman theatre (taken as study cases) and other ancient buildings and artefacts of Nora village were studied and chemically petrographically analysed. To define their provenance, analytical data of major and trace elements by XRF method were compared with those of several volcanics coming from the sector around the Nora archaeological site and from Sulcis area, frequented in ancient times by Romans. To highlight the geochemical discriminant markers or affinities between the sample populations of volcanics, factorial analysis was used, taking some significant variables: SiO 2 , Na 2 O, K 2 O, L.o.I, Al 2 O 3 , Rb, Ba, Sr. The results of this research allow also defining the aspects of stone quarry extraction and construction technologies used in the Roman period.
Introduction
The Nora archaeological site is located in the Gulf of Cagliari near the city of Pula (south western Sardinia, Fig. 1 ). Nora was founded by the Phoenicians around the mid-eighth century bc and it was Carthaginian from the sixth century bc. It became Roman in 238 bc (Bernardini 2004; Mastino 2005) . For centuries, Nora has been the main Roman administrative and political centre of Sardinia, a primacy that in the Republican age had to surrender to Karales (today Cagliari, Fig. 1 ) who had supported the emperor Caesar and his faction in the struggles for the conquest of supremacy in Rome. Nora, however, continued to consolidate her importance as a residential centre. It became a "town hall" and had its own magistrates-extending its influence thanks to its strategic position of crossroads of roads connecting the metallic and agricultural hinterland with Karales. Its decline began in the fifth century ad, due to the several incursions of the Vandals and the Arabs who forced the inhabitants to flee towards Sardinia. The archaeological remains of Nora (on approximately 30,000 m 2 (Figs. 2, 3) were discovered with the excavations that Gennaro Pesce conducted in 1952 (Pesce 1954; 1972) which brought to light part of the city (Tronchetti 2001) . Emerged part reveals the remains of a first Punic settlement pre-existing to the Roman city. A necropolis with well-tombs, remains of several multi-storey houses which have been demolished in Roman times, and a rectangular temple that has been attributed to goddess Tanit, located on the culmination of the central relief of the promontory, have been identified. From the top of this temple, the lines of the Roman urban structure can be clearly seen (Figs. 2, 3) : imperial straight 1 3 577 Page 2 of 19 and paved streets separate the neighbourhoods including public buildings, shops and houses. Two of these latter have the floors covered with a precious polychrome mosaic with sophisticated and elegant motifs' decoration. There is also a melting workshop (foundry), laundry, tannery and the ruins of a likely covered market (Macellum horreum, Fig. 2 ). The remains of courtyards and chapels that formed the "sanctuary" of the salutary gods are important too, in particular a restored and expanded at different times Punic-Roman temple.
The remains of interesting ancient buildings are well preserved ( Fig. 2 ): "Terme a mare" (i.e. Baths at the Sea), "Piccole Terme" (i.e. small baths), Eusculapio Temple, while of other only traces remain: Christian Basilica (now submerged under the sea, Fig. 2) , Tanit Temple. The most important building, the only one of its kind in Sardinia, is the Roman Theatre (Figs. 2, 3) , set in front of the sea. It surely is the best preserved and it was the first monument of the ancient city to be unearthed during the Pesce excavations (Pesce 1954 (Pesce , 1972 . It still shows the original construction features, characterised by a semi-circular isodomic front with a W-NW axis (Fig. 4) . The theatre building was built during the Augustan or Giulio-Claudio period (first century ad; Bejor 1999) using a variety of geomaterials (sandstones, conglomerates, volcanic rocks, marbles, bricks, mortars, etc.) and different kind of mortars, as often used by the Romans Columbu and Garau 2017) . After the abandonment of Roman Nora city (from fourth century ad), over the centuries, the village facilities were plundered and vandalised; more than half of the ashlars of the tiers of cavea are missing or have been recently replaced (Fig. 3) .
This paper aims to define the provenance of the Eocene-Miocene intermediate-acid volcanics that have been used to construct some ancient buildings of Nora. Due to their easy workability, these volcanic rocks were widely used in Sardinia in different historical times (Antonelli et al. 2014; Columbu 2017; Columbu et al. 2018) . The origin of raw materials has always been a topic of great interest and a heated debate both from the petrographic, archaeological and archaeometric points of view, as the data can highlight possible ways of communication and/or existing trade of civilizations. Moreover, the geochemical and petrographic investigations on the features and origin of raw materials are also useful to understand the ancient routes the Romans used for the stone transport, the construction technologies of ancient buildings that have been used in different historical times and also to define the conservative problems (Alvarez et al. 2000; Bianchini et al. 2004; Columbu et al. 2015; De Luca et al. 2015; Franzini et al. 2000; Maravelaki-Kalaitzaki et al. 2003; Moropoulou et al. 2000; Riccardi et al. 1998; Verdiani and Columbu 2010; Vola et al. 2011) .
To define the origin of raw volcanic materials: (1) geochemical classification and petrographic characterisation of the main volcanic rocks used in the Roman construct of Nora site (where the theatre was taken as study case); (2) comparison of chemical data between the samples of the theatre and other artefacts of Nora site with the samples coming from probably supply areas: the volcanic district of Sarroch-Pula and the Sulcis basin (Figs. 1, 5 ), more frequented by Romans Fig. 1 Geological map of Sardinia with localization of the Roman Nora village and other important Punic-Roman city from the south to the north of island, i.e. Karales (today Cagliari), Forum Traiani (Fordongianus), Turris Lybisonis (Porto Torres); from Columbu and Garau (2017) . Legend of patterns and colours refers to lithologies: white, recent alluvial sediments; light gray, Oligo-Miocene volcanics; dark gray, Plio-Pleistocene volcanics; gray stippled, Miocene marine sediments; gray crosses, Paleozoic crystalline basement and Mesozoic formations. Red continuous and dashed lines, faults in ancient times; (3) defining some aspects of stone quarry extraction and construction technologies used in the Roman period.
With the aim of achieving these objectives, 136 samples of rock samples from field outcrops and from Nora monuments were analysed by XRF methods.
Materials and methods
The analysed volcanic rocks were taken from the Roman Theatre (i.e. cavea tiers, Fig. 3d , e) and other ancient artefacts of Nora archaeological site (i.e. houses, Macellum horreum masonry, inner street, thermal baths; Figs. 2, 3g, h). These volcanics show a clear autoclastic structure (Fig. 6c-f ) characterised by a chaotic presence of large lava clasts (up to 30 cm and generally with sharp edges) and smaller clasts (with size < 1 cm and with a rounded edges) immersed in a more glassy matrix characterised by a lower welding degree than the clasts (Fig. 6) .
Sampling activity from Nora monuments, subject to the approval of the Archaeological Superintendence of Cagliari, was performed taking into account the most representative and/or predominant lithotypes in the entire architectural structure; the planning was done examining what analysis would be carried out on the samples, and knowing, therefore, the amount of material needed to achieve them. It was carried out according to the NORMAL Recommendations (3/80 1980). The sampling points of the materials have been chosen taking into account the need not to disfigure the monuments.
68 samples from Nora monuments (#43 from the theatre signed with TN in the tables ESM 1a, 1b (see Fig. 4 ) and #25 from Nora site other ancient artefacts, Fig. 2 , signed with VN in the table ESM 2) were taken. However, due to small size of specimen, six samples taken from the theatre were studied but not chemically analysed. The rock samples of theatre come from the volcanic ashlars used for the tiers of cavea sector (Fig. 4) that have a size about 80 × 60 × H = 50 cm. The other samples belong to the other Roman artefacts located inside the archaeological Nora area (i.e. Roman paved street, ashlars of building walls, frames, thresholds of house doors; Figs. 2, 3) .
To find the origin of monument samples, 68 samples of rock samples from the following field outcrops: Nora area (within the archaeological site, signed with PN in the table ESM 3), Perdu Pranu (near to archaeological site, signed with PN), Su Casteddu (volcanic apparatus, signed with CVR), St. Antioco area were taken (Figs. 1, 5) .
Mineralogical and petrographic analysis of volcanic rocks was performed on thin sections under the polarising microscope (Zeiss photomicroscope Pol II).
Chemical composition of volcanic rock samples from field outcrops and Nora site was determined with a Cagliari, modified) spectrometer in X-ray fluorescence (XRF) Philips PW1400 with a Rh tube to analyse the major elements and some trace elements (Rb, Sr, Pb, Zn, Y, Nb, Zr) , and with a W tube to analyse of Ni, Cr, Ba, V, La, and Ce. Data reduction of major elements was performed by the Franzini et al. method (1975) . Data reduction of trace elements was performed by Criss method modified (Criss 1977 (Garau 2005) . The accuracy of trace elements is ± 2-3% to 1000 ppm, ± 5-10% at 100 ppm and ± 10-20% to 10 ppm.
Weight loss for calcination (L.o.I., loss on ignition) was determined by calculating the loss in wt% at 1100 °C, while the FeO was determined by volumetric titration with KMnO 4 10 N in acid solution. Following petrochemical parameters have been calculated: Differentiation Index (given by the sum of normative sialic minerals except the anortite; D.I. = normative Q + Ab + Or + Ne + Kp + Lc) according to Thornton and Tuttle (1960) ; Solidification Index according to Kuno (1968) as Agpaitic Index according to Shand (1951) as SAL, given by the sum of all normative sialic minerals; FEM, given by the sum of normative mafic minerals; C.I.P.W. norm according to Cross et al. (1903) .
Geological setting
The volcanic rocks, which have been used as construction materials in the archaeological Nora site, belong to the significant Sardinian Late Eocene-Miocene orogenic magmatic phase ( Fig. 1 ; Beccaluva et al. 1985 Beccaluva et al. , 1989 Beccaluva et al. , 2005a Beccaluva et al. , b, 2011 Lustrino et al. 2011) , that includes tholeiitic, calcalkaline, shoshonitic and ultrapotassic products. This phase occurred
(by weight %);
between 38 and 15 Ma, mainly along the Sardinian OligoMiocene rift, a large tectonic pit, which structure crossing Sardinia (Cherchi and Montadert 1982a, b; Coulon 1977; Dostal et al. 1982 ). The volcanic activity shows a peak during the 22-18 Ma time range (Beccaluva et al. 1985; Carminati and Doglioni 2012; Gattaceca et al. 2007; Speranza et al. 2002 and references therein) . Since that time, in various areas of Sardinia, prevalently along the western graben trending N-S, known as the "Fossa tettonica sarda" (Vardabasso and Atzeni 1962; Fig. 1) , a highly explosive fissural activity, with simultaneous and alternating emissions of basaltic and andesitic lavas, produced abundant pyroclastics and dacitic-rhyolitic products.
The volcanic rocks used in the theatre and other buildings of the Nora archaeological site belong to the volcanic Sarroch-Pula district (Figs. 1, 5), which can be attributed to this later volcanic activity. According to the radiometric analysis of various authors, the volcanic rocks of the Sarroch-Pula district have the following ages: 24-21.6 Ma (Savelli et al. 1979) , 24.7-22.2 Ma (Beccaluva et al. 1985) according in part to the data for Arcuentu volcanic district determined by Coulon (1977; 22.3-17.5 Ma) and Assorgia et al. (1984; 30.5-16 Ma) .
The Sarroch-Pula district (Sheet 234 of the "Carta d'Italia") is located at the southwestern Sardinia and it has Fig. 4 Plan of the Nora Roman theatre with the sampling points (in red) of volcanic rocks. Legend of sectors: a cavea (auditorium); b orchestra; c wall of stage; d hyposcenium (space under the palcoscenium); e front scene; f portico behind the scene; g west archway entrance; h access ladder at the west tribunalia; i west tribunalia; l parasceni; m external niches; n enclosure; o via (corridor atop the cavea); p scalaria; q euripus (underground channel for water drainage); r dolia; s small pillars under the palcoscenium (from Columbu and Garau 2017; Garau 2005, modified) a main NW-SE orientation, occupying altogether an area of about 90 km 2 . It is separated from the rest of the island by the Campidano graben and displays abundant Miocene calcalkaline volcanism (Sulcis and Sarroch areas, Fig. 1 ). In the Miocenic age, a series of fractures affected the area comprising both the edges of the Campidano graben and the nearby Paleozoic reliefs. By these fractures, considerable volcanic manifestations occurred, including those with mainly andesitic character of the Sarroch-Pula district. Miocene volcanism in the Sulcis area is represented by an accumulation of up to 500 m of volcanic products, mainly extensive pyroclastic flows well exposed on San Pietro and St. Antioco islands, and on the mainland near Carbonia (Assorgia et al. 1990; Garbarino et al. 1990) .
Sarroch volcanic area is characterised by the presence of a main tectonic line N25E that allows distinguishing into eastern and western sectors (Conte 1989) .
In the Sarroch western sector, the volcanic breccias and conglomerates are the dominant element while in the eastern sector the massive rocks are prevalent. Western pyroclastic outcroppings in the Sarroch area, as well as those from Nora-Pula, are often rich in volcanic clasts (as cognate fragments or "inclusions", from centimetric to decimetric) that are dispersed in an substantially cineritic matrix. These clasts vary in shape, nature and size: from sharp edges, predominant (usually in larger clasts), to more rare rounded edges (in smaller clasts) and they are usually of sub-volcanic type. These rocks with clasts can be framed between volcanic breccias passing through conglomerate types as they move away from their emission volcanic centres. Such breccias and conglomerates are sometimes associated with particular massive lava, which also have a breccia appearance and they have no substantial differences between the clasts and the matrix. These are autobreccias, which are quite similar to those present in the lower part of the Mount Arcuentu series (Assorgia et al. 1986 ). and sandstone ashlars to realise the cavea tiers and structure walls of the theatre, respectively. NW and SW map vertices have the following geographical GPS coordinates (according to World Geodetic System, 1984) : N 39.035800, E 8.949000; N 38.964400, E 8.949000
Results

Petrographic features
Volcanics from probable origin areas
The volcanic rock outcroppings in the Sarroch-Pula volcanic district show different petrographic and volcanological features (Table 2 ). In the area of Pula-Nora, the rocks show a porphyritic index from 5 to 8% in more evolved products (dacitic rocks of north Pula) to 14-28% in more basic (andesitic) lava (Nora area). The groundmass varies from hypocrystalline, to hypohyaline, to glassy. According to Conte (1989) , among these rocks there are both lithotypes that have the phenocrystals the amphibole and other lithotypes in which it is absent. In paragenesis of the first lithotype (most represented in the outcrops around the Nora area), the amphibole phenocrystals, generally partially opaque and sometimes pecilitic, coexist with plagioclases, opaques and orthopyroxene (sometimes altered), while the (Fig. 4) belonging to Su Casteddu outcrop, where it is a typical breccia structure of rock; d, e volcanic ashlars used for the wall Macellum horreum, in front of the stone paving; f volcanic ashlar from the wall near "Terme a mare" Baths (with more welded lithoclasts and cognate fragments immersed within a less welded matrix) coming probably from Perdu Pranu outcrops The paragenesis of second lithotypes (without amphibole) consists of plagioclase, clinopyroxene, orthopyroxene, and opaque, both as phenocrystals and in the groundmass. Plagioclase phenocrystals usually have normal zoning with a composition in the edges generally similar to that of the microlites of the groundmass. However, plagioclases with inverse zoning and crystals with glassy inclusions are also present. Orthopyroxenes are hypidiomorphic and isolated, while clinopyroxenes often form aggregates giving to the rock a glomerular-porphyric structure. Opaques are rare and mostly confined to the edges of orthopyroxenes and clinopyroxenes or nucleus of these latter. All of the abovementioned phases also constitute the groundmass.
Volcanics of Roman Nora artefacts
The samples taken from the theatre generally show a porphyritic structure (Fig. 7) and a hypocrystalline groundmass. The porphyritic index generally varies between 5 and 8% for early opaque phenocrystals, dominant plagioclase, pyroxene and brown hornblende. Due to their shape, the opaque minerals are presumably made up of magnetite or titanium-magnetite. Plagioclases often are heuedral or subheuedral, zoned, sometimes corroded and/or with reabsorption processes for disequilibrium with the liquid, with cribrous appearance due to dust inclusions. They have a size between 0.5 and 1.5 mm and they are geminated according to albite (and more rarely albite-Carlsbad). Meta-somatization processes (for circulation of late fluids) with pseudomorphic calcite on plagioclase and secondary alteration are frequent.
Another generation of plagioclase (less frequent) is represented by smaller microphenocrystals (of about one order of magnitude compared to the previous ones), with nonzoned heuedral crystals, geminated according to albite and albite-Carlsbad, in equilibrium with the liquid, with more evolved chemical composition, and devoid of alteration processes. Pyroxenes are smaller than plagioclases (about 0.5 mm although some individuals reach the millimetre). The classification of pyroxenes is doubtful due to advanced alteration in bastite: sometimes the habit assumes that it is orthopyroxene. Amphiboles (i.e. brown hornblende) are about 1-1.5 mm in size and they are less altered than pyroxenes and plagioclases; they often crowned by edges of opaque minerals, due to the disequilibrium with the liquid. More rarely, the opacity phenomenon affects the entire crystal. Mesostasis consists predominantly of plagioclase microlites, secondarily of pyroxene and/or amphibole, and more or less abundant glass. The crystals are oriented in the direction of the major axis, resulting in a strongly fluidal hyalopilitic structure. In these rocks, there are also cognate fragments, having a different degree of crystallinity but similar paragenesis. As already described before, such fragments (clasts) give at macroscopic level to an autoclastic brecciate structure, characteristic of these rocks.
Due to their different origin from several outcrops with different compositions, the volcanic samples taken from other Nora artefacts generally show a porphyritic structure with a variable index (from 5% in the rhyodacitic and dacitic rocks, to about 28% in andesitic rocks) for phenocrystals of opaque, abundant plagioclase (from 0.4 to 2 mm in size), highly-altered clinopyroxenes (that make every determination difficult), and brown hornblende (often completely opacified) varying in size between 0.5 and 1 mm (though often exceeding 3 mm). The groundmass consists of plagioclase, clinopyroxene, amphibole and subordinately glass.
Geochemical features and rock classification
Tables ESM 1, 2, and 3 show the chemical analysis of the major elements (wt.%) and trace elements (ppm) of volcanics belonging to Roman theatre, Nora artefacts and from probable origin areas: Su Casteddu volcanic structure, Perdu Pranu area, Nora outcrops. Figure 8a , b shows the trend of the major and trace elements against D.I.: as expected from normal magmatic evolutionary series, a positive correlation is observed between D.I. and SiO 2 , Na 2 O, and K 2 O, while there is a negative correlation between D.I. and FeO Tot , TiO 2 , MgO, and CaO. Sr shows a weak negative correlation with increasing the evolution degree of the series for the samples of Nora theatre, Su Casteddu and St. Antioco outcrops, probably in conjunction with the crystallisation of plagioclase. For some elements (i.e. Rb, Sr, Ba and Nb), it is evident the trends of the samples coming from theatre and Su Casteddu, other artefacts and those of Perdu Pranu and Nora outcrops, while the samples from St. Antioco show an evolutionary trend almost always different and separate from other samples.
According to the Middlemost diagram (1975, Fig . 9 ), the Eocene-Miocene volcanics of all the Roman monuments (including the theatre and other ancient artefacts) and field samples from Nora area and St. Antioco are generally of sodium series, more rarely of potassium series while the similar volcanics of the nearby island of St. Antioco belong to both potassium and sodium series and are rarely too high in potassium series ( Fig. 9; Table 3 ). According to the AFM diagram of Irvine and Baragar (1971;  Fig. 10 ), the same samples show the typical trends of the calcalkaline series.
Within the TAS diagram of Le Maitre et al. (2002) (Fig. 11) , the samples of the theatre, other artefacts and Nora Fig. 7 Microphotographs of volcanic rocks coming from theatre (sigle TN), from Su Casteddu ancient quarry (CVR) and Perdu Pranu outcrop (PN). a, b Plain polars: TN49 and CVR3 samples with altered phenocrystals (i.e. mainly plagioclase, hornblende, pyroxene) and cognate fragment immersed in from hypohyaline to hypocrystalline groundmass; c-f crossed Nicol: TN49, CVR3, TN41, CVR5 samples with plagioclase, hornblende with opacified border, pyroxene phenocrystals with porphyritic index of 7%; g, h plain and crossed Nicol: PN63 sample, with phenocrystals of plagioclase and hornblende, and higher porphyritic index (22%) outcrops fall into the field of subalkaline series, although numerous exception samples fall into the field of transitional series. The theatre samples are classified as andesite, dacite, trachy-andesite and trachy-dacite. The samples of other artefacts are classified as andesite and dacite (with some rare cases falling in the fields of basaltic andesite and trachy-dacite). The volcanics of the countryside surrounding Nora areas (Perdu Pranu and Nora areas, Fig. 5 ) fall into the andesite and dacite.
Volcanics from the St. Antioco island fall into subalkaline and transitional fields, ranging from basalt, to basaltic andesite, (to dacite), to rhyolite and were analysed. In Fig. 12 , the same data were projected on the diagram of De La Roche et al. (1980) , where the segment that cuts the origin of the axes (with a slope of 45°) represents the under-saturation critical plan. The representative points of the analysis samples fall between that plane and the axis of the abscissas; so the samples are over-saturated and belong to subalkaline series in accordance with TAS diagram (Fig. 11) . In diagram of De La Roche et al. (1980; Fig. 12) , the analytical values are reported according to the two parameters R 1 and R 2 , which take into account all the major elements (expressed in cations multiplied by 1000) with the only exception of P and Mn. For these reasons, this diagram has been finally selected as the most suitable for the classification of all volcanics. The samples of the Roman theatre mainly fall in dacite field and, subordinately, in lati-andesite, rhyodacite, andesite and latite fields, in order of abundance ( Fig. 12; Table 3 ). The samples of other Nora artefacts are classified as dacite, andesite, rhyodacite and basaltic andesite. The rocks of Su Casteddu volcanic apparatus consist of rhyodacites and dacites. Perdu Pranu volcanics are mainly dacites, in some cases with transitional products to the andesite. The samples from Nora outcrops mainly show an andesitic composition, with some dacitic samples. Samples from the island of St. Antioco are classified as alkali-rhyolite, basaltic andesite, rhyolite, basalt, rhyodacite and dacite ( Fig. 12; Table 3 ). (Fig. 12) . The samples show an affinity calcalkaline s.s. in agreement with Irvine and Baragar Alk-FeO T -MgO (AFM) diagram (Fig. 10) . In addition, most volcanics, particularly those from the theatre and Su Casteddu outcrop, have sodium affinity according to Middlemost diagram (Fig. 9) . The other volcanics are both sodium and potassium series, and are rarely high in potassium series (the latter being among the alkali-rhyolitic samples coming from St. Antioco).
The provenance study of stone materials, which have been used in the construction of Nora monuments, has been tackled both petrographically and chemically, comparing the volcanics from the theatre and other artefacts of Nora archaeological site with the field samples from the nearest areas (Su Casteddu, Perdu Pranu and Nora volcanic outcrops, Fig. 5 ) and with those from St. Antioco area (more distant but frequented by Romans). However, this comparison shows almost always that the volcanics of St. Antioco area have different trends in all the diagrams previously considered. Observing Fig. 8a , b, these samples have an evolutionary trend separated from the others, while the samples of the theatre and the Su Casteddu area form overlapping sample populations. This is evident in all analysed diagrams (Figs. 8, 9, 10, 11, 12) . By contrast, the samples of Nora artefacts, together with the samples of Perdu Pranu and Nora volcanics (outcrop in the countryside around the Roman city) projected in all diagrams outline evolutionary trends that overlap well.
These reasons led to the exclusion of St. Antioco area as source of material supply for the construction of both the theatre cavea and other Roman artefacts of Nora city.
Thus, chemical data show similarities between the samples of the theatre and the area of Su Casteddu (located in the northern suburbs of Pula; Figs. 5, 14) , and among the volcanics of the other artefacts and those of Nora and Perdu Pranu outcrops. To better highlight such geochemical affinities, factorial analysis has been used. The variables that were most significant are diagrammed in the Fig. 13 . In most of the binary diagrams, there are two distinct populations formed, respectively, by the samples of the theatre and Su Casteddu together, and by those of Nora artefacts and the countryside surrounding the city together. The first (upperleft) diagram is the one that better separates the two sample populations.
Based on both the diagrams (especially Ba vs. Ni, SiO 2 vs. V, Sr vs. CaO, Rb vs. Zn, K 2 O vs. Cr; Fig. 13 ) and the above-mentioned similarities, the volcanics of the Nora theatre tiers come from the Su Casteddu outcrop and in no case from the Perdu Pranu outcrops. Only some samples from the theatre, most likely referable to lithoclasts or cognate fragments, have lower values of Na 2 O (ranging in 3.63-3.65%, rhyodacites TN 36, 33, Table ESM 1b) with respect to the mean (normally > 4%), and another sample has a greater value of MgO (4.05%, andesite TN 50, Table ESM 1a) .
These assumptions made on the basis of chemical data are supported by the results of the other investigations. The macroscopic analysis of the petro-vulcanological characteristics (i.e. structures, welding degree, etc.) showed that the volcanic lithotypes of theatre and those of Su Casteddu are very similar. They are both purplish-red and with a characteristic autoclastic structure, with their cognate fragments, which usually have a darker colour of embedded rock and Table 3 Distribution of all analysed volcanic samples within sodium (Na), potassium (K), and high-potassium (HK) series, according to Middlemost (1975) Rock classification according to De La Roche et al. (1980) . Abbreviations as Table 2 Origin
De La Roche et al. Maitre et al. (2002; after Le Bas et al. 1986) , where the volcanic samples from the theatre, other artefacts of Nora and field volcanic outcrops were plotted. Symbols as legend of Fig. 9 . Data were not reported at 100% excluding H 2 O + (according to the IUGS recommendations; Streckeisen 1976 Streckeisen , 1978 . Without the analytical values of Zr, Pb, Nb Y, La and Ce, the two series of the samples from Nora and Perdu Pranu areas are not included in the respective variation diagrams a rounded shape; the dimensions can be very variable from one millimetre to several centimetres. Even microscopically, the rocks of Su Casteddu have many similarities with the theatre volcanics (Fig. 7) . Both show from hyalopilitic to hypocrystalline structure, porphyric (with a porphyry index variable between 3 and 10) for opaque phenocrystals of magnetite or Ti-magnetite. Plagioclase is dominant, very altered and with the substitution characteristics with calcite that has also been observed in the volcanics of the theatre. The pyroxenes are very altered and there are relicts of brown hornblende with opacity edges. Mesostasis is characterised by dominant plagioclase, pyroxene and/or brown hornblende and more or less abundant glass.
Other important information can be derived from the extraction modes of raw material and the morphology of the volcanic outcrop ( Fig. 14): (1) the volume of extracted volcanic material is certainly compatible with the size of Su Casteddu apparatus; (2) the steep slopes of Su Casteddu facilitated the extraction and transport of the ashlars to the flat land.
The volcanics, which were used to construct the other Roman buildings in Nora archaeological site (i.e. houses, Macellum horreum masonry, inner street, thermal baths; Figs. 2, 3) , come mainly from the countryside of Nora and Perdu Pranu areas and probably not from Su Casteddu, because they show different geochemical characteristics, as highlighted by the various figures (Figs. 8, 9, 10, 11, 12) in the previous paragraphs where they form a separate population practically in every diagram. Observing chemical data (Table ESM 3), the analysed samples from Perdu Pranu area , that between the all outcrop samples show more similar macroscopic features (i.e. sample PN 63) with the volcanics of Su Casteddu, and have following values: SiO 2 < 62%, TiO 2 > 0.5%, FeO tot > 4.92%, MgO > 1.71%, CaO > 4.43%, Na 2 O < 3.75%, V > 88 ppm, while Su Casteddu samples (i.e. CVR 3-7) have: SiO 2 > 63%, TiO 2 < 0.5%, FeO tot < 4.83%, MgO < 1.68%, CaO < 3.67%, Na 2 O > 4.1%, V < 56 ppm. Also microscopically they appear different (Fig. 7) : the samples from Perdu Pranu and Nora generally have porphyritic structure with a higher index (> 15%) for phenocrystals of opaque, abundant plagioclase, highly-altered clinopyroxenes, opacified brown hornblende.
However, despite the geochemical differences, the samples taken from the Roman street (e.g. VN 1, 12, 16, 18, 19, 47) and other found within "Terme a mare" building (VN 21, 22, 23, probably coming from the paving of Roman street) show clear macroscopic and microscopic similarities to those of the theatre and Su Casteddu volcanics. Nevertheless, a more careful observation of the samples of such artefacts shows some petro-vulcanological differences: they generally have a greater welding degree and a slightly higher of porphyritic index; the phenocrystals are less altered.
The wide use of the volcanics from Su Casteddu outcrop for the construction of the Nora theatre probably depends on the good workability of these rocks (due to their lower welding degree with respect to the other outcropping volcanics) and on the possibility of extracting large and regular ashlars to be used for the tiers of cavea, which in some cases even have dimensions of 80 × 60 × 50 cm (Fig. 14b-d) . Instead, the andesitic rocks of Nora outcrops (inside the archaeological site and, therefore, potentially exploitable) were not taken into account to realise the volcanic ashlars for the theatre, because they show different petrographic and physical features that also involve a lower workability of the materials.
The andesitic rocks, along with other sedimentary and intrusive rocks, were used to make ashlars of various shapes (from irregular to squared) with decimetric and submetric size. Internally, in these walls there are occasionally large metric volcanic blocks too (positioned in the wall crossings, Fig. 3h ) with very similar characteristics to those of Perdu Pranu and Su Casteddu areas.
These clear evidences indicate that the Romans chose the construction materials on the base of petro-physical features of stones. Due to a good workability and easy quarry extractability and, at the same time, to their optimal physical-mechanical characteristics, the volcanic rocks from Su Casteddu were used to realise big and curved ashlars for the cavea tiers of theatre without problems of fracturing during the processing. Vice versa, to realise the Roman architectural buildings of Nora (e.g. irregular and variable in size ashlars for masonry wall), where it is not necessarily particular features of rocks, the Romans used more comfortably all different volcanic outcroppings inside the archaeological site or outside from other outcrops. 
Conclusions
The results of the research have allowed defining the geochemical characteristics and the origin of the volcanics that have been used in the construction of the Roman Nora city. These rocks belong to subalkaline series of the Sardinian Late Eocene-Miocene volcanic cycle, with a mainly sodic affinity and more rarely potassic. The samples from the Roman theatre were mainly classified (in order of abundance) as dacites and, subordinately, as lati-andesites, rhyodacites, andesites and latites, while the samples taken from the other masonries of Nora site are classified as dacites, andesites, rhyodacites and basaltic andesites.
The andesitic and dacitic volcanics were mainly used as construction material for artefacts of Nora (i.e. Roman stone paving of roads inside the village) but also as aggregate in the mortars (i.e. wall bedding mortars, concretes of vaults and cavea foundation, plasters) together obsidian rocks, quartz-feldspar sandy, Paleozoic rocks.
To define their provenance, the volcanics from Nora archaeological site have been compared with those from the surrounding areas and from Sulcis basin, more frequented by the Romans, and in which the Nora territory is included.
Chemical and petrographic data highlight that the dacitic rocks (represented by volcanic autobreccias), which have been used on the Nora theatre tiers, come from the Su Casteddu volcanic apparatus, located 2 km at north-east of Nora site. This assumption is also confirmed by the comparable material volumes of extracted stone from the Su Casteddu quarry and those used for the tiers of cavea, and by possibility that the Romans (as they often used to do) used the near Rio Pula river and then the sea to transport the material from the quarry to Nora site.
In different way, the volcanics, which have been used for the Nora artefacts, mainly come from the more nearly countryside areas. Due to their higher physical-mechanical resistance, for the stone paving of the main inner street, the Roman Foro and parts of the other buildings (i.e. base of public fountain), more welded andesitic-dacitic volcanic rocks (as autobreccias) were used, mainly coming from Perdu Pranu area.
To construct the masonry of the houses and commercial area to the west seaport (i.e. Macellum horreum), andesitic rock outcroppings inside the Nora site were used, especially as irregular ashlars of the walls.
For frames and door thresholds of Nora buildings, the Romans used different volcanic materials, mainly represented by welded volcanic breccias and conglomerates coming from Nora area and surrounding outcrops, together occasionally grey fine sandstones (i.e. thresholds of Macellum horreum).
The supply of the raw materials from different areas around the Nora site highlights that the Romans chose the stones for the construction of ancient Nora village according to their petro-physical characteristics which clearly affect the workability and quarry extractability. Thus, considering only the sources around Nora site (or at a reasonable distance from it) and only within them, the distance between the quarry and the building site is not the main factor leading material selection.
